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Minus strand RNA synthesis by the positive strand alphaviruses, Sindbis and Semliki Forest viruses, normally occurs 
early in infection, is coupled to synthesis of viral nonstructural proteins and to formation of viral replication complexes, 
and terminates and does not occur late in infection. Previously, ts24 of the A complementation group of Sindbis virus 
RNA-negative mutants was found to possess, among its other temperature sensitive defects, a temperature sensitivity 
in the normal cessation of minus strand synthesis which enabled minus strands to be synthesized late in infection at 
40° in the absence of protein synthesis. Revertants of ts24 (ts24R1 , ts24R2) retained the defect in the shutoff of minus 
strand synthesis, indicating the lesion was not conditionally lethal and could map outside the A cistron. The studies 
reported here used an infectious clone of Sindbis virus to identify the mutation responsible for this phenotype. Hybrid 
viruses were prepared from constructs containing restriction fragments of the cDNA of ts24R1 in place of the corre- 
sponding fragments in the infectious SIN HR clone and screened for their ability to synthesize minus strands at 40° in 
the presence of cycloheximide. A unique base change of an A for a C residue at nt 6339, predicting a change from 
glutamine to lysine at amino acid 195 in nsP4, was found in genomes of ts24, ts24R1 , and ts24R2. Other nucleotide 
changes present at the 5' and 3' termini did not affect minus strand synthesis. The substitution of the parental Sindbis 
virus sequence that encompassed nt 6339 in an infectious clone of the ts24R1 revertant eliminated the mutant pheno- 
type. We conclude that the ability to continue minus strand synthesis at 40° exhibited by ts24 and its revertants is 
caused by an alteration in nsP4, which is the alphavirus replicase or an essential component of the replicase. We 
hypothesize that this domain of nsP4 functions to fix the minus strand as the stable template of alphavirus replication 

Complexes. © 1 990 Academic Press, Inc. 



INTRODUCTION 

Sindbis virus, SIN, is an enveloped, positive strand 
RNA virus and a member of the alphavirus genus of 
the family Togaviridae (reviewed, Strauss and Strauss, 
1988). The synthesis of 49 S genome RNA and 26 S 
subgenomic mRNA are dependent on the synthesis of 
genome-length minus strand RNA. Normally, alpha- 
virus minus strand RNA synthesis occurs early after in- 
fection, requires concurrent protein synthesis, and ter- 
minates (Sawicki and Sawicki, 1980). We (Sawicki ef 
a/., 1981a) identified a temperature sensitive, RNA- 
negative mutant of the heat-resistant (HR) strain of SIN, 
SIN HR ts24, assigned to the A complementation 
group (Burge and Pfefferkorn, 1966a,b; Strauss era/., 
1976), which failed to turn off minus strand synthesis 
late in infection and lost the sensitivity of minus strand 
RNA synthesis to inhibition of protein synthesis if the 
infected cells were shifted to 40°, the nonpermissive 
temperature, and hypothesized that this mutant con- 
tained a temperature sensitive lesion in a viral non- 

1 To whom correspondence and reprint requests should be ad- 
dressed. 



structural protein that acted to turn off minus strand 
synthesis. Subsequently, we (Sawicki and Sawicki, 
1986a) isolated revertants of ts24, e.g., ts24R1 and 
ts24R2, that retained the temperature sensitive defect 
in the cessation of minus strand synthesis but were no 
longer temperature sensitive for growth or for RNA syn- 
thesis, i.e., they were no longer RNA negative mutants. 
Therefore, temperature sensitivity in the termination of 
minus strand synthesis was not conditionally lethal and 
the mutation responsible for this phenotype, which we 
call the ts24R1 phenotype, could map outside of the A 
cistron (Sawicki and Sawicki, 1 985). Further studies by 
us (Sawicki and Sawicki, 1 986a, 1 987) on ts24 and the 
revertants of ts24 suggested that the ts24R1 pheno- 
type, i.e., the ability, to continue or to resume the syn- 
thesis of minus strands at 40° in the absence of protein 
synthesis, could be caused by the replication com- 
plexes exchanging templates rather than to a mutation 
in a viral protein responsible for turning off minus strand 
synthesis. In this model, newly synthesized plus 
strands would replace the minus strands which nor- 
mally form a stable association with the replication 
complex. 
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The mutation in ts24, and in several other A group 
mutants, responsible for temperature sensitivity of 
growth and of overall RNA synthesis has been mapped 
to nsP2 (Hahn etal., 1 989b). Because ts24 has several 
temperature sensitive phenotypes, namely in growth, 
in synthesis of the 26 S subgenomic mRNA, and in pro- 
cessing of the viral nonstructural polyproteins (Scheele 
and Pfefferkorn, 1969; Keranen and Kaariainen, 1979) 
in addition to the temperature sensitivity of the termina- 
tion of minus strand synthesis (Sawicki and Sawicki, 
1985), we decided to map the mutation affecting the 
termination of minus strand synthesis using the ts24R 1 
revertant of ts24 since it retained only the temperature 
sensitive defect in the shutoff of minus strand synthe- 
sis (Sawicki and Sawicki, 1 986a). We identified a region 
ofthets24R1 genome that encoded the ts24Rl pheno- 
type and then identified a unique base change within 
this region. We report here that a single nucleotide 
change in the coding region of nsP4 is responsible for 
the continuation and the resumption of minus strand 
synthesis at 40° in ts24 and its revertants. These stud- 
ies were made possible because of the construction of 
a plasmid carrying a full-length cDNA of SIN from which 
infectious transcripts can be generated (Rice et ai., 
1987). 

MATERIALS AND METHODS 

Virus stocks, growth, and purification 

Sindbis virus (SIN) stocks derived either from cDNA 
clones or from the original SIN heat resistant (HR) pa- 
rental strain, and temperature-sensitive (ts) mutants 
and their revertants were grown and titered on mono- 
layers of chicken embryo fibroblasts (CEF). SIN RNA 
was obtained from purified virions as described pre- 
viously (Sawicki and Sawicki, 1 986a). 

cDNA synthesis, purification, and primer extension 

The cDNA synthesis and cloning of the genome of 
ts24Rl, a revertant of the mutant ts24 (Sawicki and 
Sawicki, 1 987), was performed using procedures gen- 
erally outlined previously for the cloning of SIN (Toto- 
1 101; Rice era/., 1987). The cloning strategy consisted 
of obtaining double-stranded cDNA from each of three 
regions that together covered the entire genome. Un- 
less indicated otherwise, restriction and other en- 
zymes were obtained from New England Biolabs {Bev- 
erly, MA). 

A cDNA copy of the 5' region was obtained using 
an oligonucleotide complementary to nt 2806-2823 to 
prime reverse transcription of the virion RNA and a 
primer for second strand cDNA synthesis that con- 
tained the Sst\ (BRL, Bethesda, MD) recognition se- 



quence followed by the SP6 RNA polymerase promoter 
sequence (TATGCTAAATCCACTGTGATAT) and the 
first 1 5 nucleotides of the 5' terminus of the small 
plaque strain of SIN HR. Following first strand synthesis 
the RNA was removed by alkali treatment, the primer 
for second strand synthesis was annealed to the first 
strand cDNA, and second strands were synthesized 
using either Escherichia coli DNA polymerase I and £ 
cofi ligase or T7 DNA polymerase (Sequenase, USB, 
Cleveland, OH). The double-stranded cDNA was di- 
gested with Sst\ (whose unique cleavage site is 85 nu- 
cleotides upstream of the SP6 promoter sequence in 
Totol 101) and Cla\ (whose unique cleavage site is at 
nt 2713 of the SIN cDNA sequence; Strauss et ai, 
1984) and ligated to Totol 101, which had been pre- 
viously cut with the same two enzymes and treated 
with calf intestinal alkaline phosphatase. 

The region from nt 2288 to 7999 of ts24Rl was ob- 
tained by priming first-strand synthesis with an oligonu- 
cleotide which was complementary to positions 8237 
to 8256 and using the enzymatic conditions of Okaya- 
ma-Berg (1982) for second strand cDNA synthesis. 
cDNA was digested with BglW (nt 2288) and AatW (nt 
7999), subcfoned into Proteus 23, a plasmid whose 
small size (2.5 kb) enabled easy detection of transfor- 
mants bearing inserts of the correct size. This region 
from the ts24R1 genome was substituted for the corre- 
sponding region in Toto 1101. The 3' third of the ts24R 1 
genome was also cloned in this fashion except that the 
oligonucleotide primer used for first-strand synthesis 
contained the recognition sequence for the Xho\ re- 
striction enzyme plus dT 14 , Apa\ 12-mer linkers were 
ligated to the cDNAto facilitate cutting byXho\, whose 
cleavage site would otherwise have been at the ex- 
treme end of the DNA, and the cDNA was digested 
with AatW and Xho\ (whose unique cleavage site is 
downstream of the poly(A) sequence at nt 1 1 ,7 1 8) and 
cloned into the Proteus 23 plasmid before subcloning 
into Totol 101 using AatW and Xho\. 

The 3' recombinants were verified by identifying a 
unique base substitution at nt 1 1 ,643 in the 3' noncod- 
ing region of ts24 and its revertants (see Fig. 3) and 
by their shorter poly(A) sequence. This base change 
inactivated an Fnu4H1 site upstream of the poly(A) in 
Totol 101 and yielded a 175-nucleotide-long fragment 
containing the poly(A) sequence when the cDNA was 
cut with Xho\, filled in with the Klenow fragment of £ 
coli DNA polymerase in the presence of radiolabeled 
triphosphates, then cut with FnuA-H 1 , and the resulting 
fragments separated on a 8% 7 M urea polyacrylamide 
gel. The corresponding fragment from Totol 101 was 
108 nucleotides long. The 5' recombinants were veri- 
fied by the absence of a 62-base pair sequence be- 
tween the Ssfl site and the SP6 promoter normally 
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present in Totol 101 (Riceefs/., 1 987) but deleted from 
the second strand primer used to prepare the double- 
stranded cDNA. 

Subcloning of smaller fragments of the BglW to AatW 
region was accomplished by swapping fragments first 
into deletion derivatives of 7rnsP34C, a plasmid which 
contains the supf selective marker and the SIN se- 
quence from a PvuW site at nt 51 60 to the Nco\ site at 
nt 8038 (Grakoui ef ai, 1989; kindly provided by Julie 
Lemm, Washington University, St. Louis). Deletion vec- 
tors included one missing 1 36 base pairs between the 
Kpn\ to Pst\ sites at nt 5824 to 5960 (called tt1 .8) and 
another with a 153-base pair deletion between the 
fcoRV and Dra\ sites at nt 6878 to 7031 (called ir3.2). 
Use of these recipient plasmids, carrying internal dele- 
tions, for subcloning allowed verification of the specific 
exchange of the ts24R1 sequence for the original SIN 
sequence and enabled several restriction sites that 
were now unique within the subcloned region to be 
used to facilitate swapping of even smaller fragments. 
The unique upstream Spel and downstream AatW 
cleavage sites in the irnsP34C plasmids were used for 
reinsertion of this entire region into the infectious Toto- 
1101 clone. Using this strategy, we localized the region 
of the genome encoding the ts24R1 phenotype and se- 
quenced it using six primers that covered this region. 
The procedure of Chen and Seeburg (1 985) was used 
to denature the double-stranded DNA, which was se- 
quenced by the chain-termination method (Sanger et 
ai, 1977) using T7 DNA polymerase (Tabor and Rich- 
ardson, 1987; Sequenase, United States Biochemical 
Corp., Cleveland, OH). The purified virion RNA ob- 
tained from SIN HR, ts24, ts24R1, and ts24R2 (a sec- 
ond independently isolated revertant of ts24) was se- 
quenced using the same oligonucleotide primers and 
AMV reverse transcriptase (Life Sciences Inc., St. Pe- 
tersburg, FL). The 5' and 3' termini of virion RNAs were 
sequenced from single-stranded cDNAs using the 
chemical method of Maxam and Gilbert (1 980). 

Construction of an infectious clone of ts24Rl 

An infectious clone of ts24Rl was obtained by liga- 
tion together of the clones containing the 5', middle, 
and 3' regions of the ts24Rl genome. In addition, it was 
verified that the cloned 5' region contained the identical 
sequence of the original ts24R 1 virus since the specific 
second-strand primer used to prepare this cDNA con- 
tained, at its 3' end, the Totol 101 sequence from nt 1 
to 15; ts24Rl differed from the Toto (SIN HR sp) se- 
quence at nt 5 and 14 (presented in Fig. 3). All clones 
that contained the 5' region of ts24Rl from the Sst\ site 
(nt -25) to the C/al site (nt 271 3) and that gave rise to 
infectious RNA had a 5' terminal sequence identical to 



the ts24R1 genome (data not shown). Thus, during 
cDNA synthesis the primer was apparently trimmed, 
removing both mismatches and allowing faithful copy- 
ing of the ts24R 1 5' sequence. These clones were used 
directly for the construction of an infectious clone of 
ts24R1 and for preparation of additional hybrids con- 
taining the 5' region. 

In vitro transcription and transfection of CEF 
monolayers 

RNA transcripts were synthesized in vitro using SP6 
RNA polymerase from plasmid DNA digested with Xho\ 
restriction endonuclease to produce run-off tran- 
scripts. Reaction conditions were as described pre- 
viously (Rice et ai, 1 987). To assay directly the infectiv- 
ity of the transcripts or to produce virus stocks, the 
transcription mix was used directly for transfection of 
CEF monolayers treated with DEAE-dextran by the 
protocol outlined by Rice et ai (1 987). 

RNA labeling 

Monolayers of CEF or BHK21 cells in plastic petri 
dishes, usually 60 mm in diameter, were infected with a 
m.o.i. of 100. The infection protocol was as described 
previously (Sawicki and Sawicki, 1985). Actinomycin D 
(usually at 2 ^g/ml) was included in all media, and was 
the generous gift of Merck Sharpe & Dohme (Rahway, 
NJ). Cycloheximide (at 100 fig/m\) was from Boehrin- 
ger-Mannheim (Indianapolis, IN). Radiolabeling of RNA 
was with [5- 3 H]uridine (38 Ci/mmol; ICN, Irvine, CA) at 
a final concentration of 200 ^Ci/ml of Dulbecco's modi- 
fied Eagle's essential medium containing 2 mg/ml BSA 
and 22 m/W HEPES, pH 7.4 (1.5 ml/60-mm petri dish) 
unless indicated. 

Isolation of SIN RF RNA and detection of minus 
strand RNA synthesis 

The procedures used for the isolation of the double- 
stranded core (RF RNA) of the replicative intermediates 
and for the determination of minus strand RNA synthe- 
sis by hybridization of heat-denatured RF RNA with un- 
labeled, purified 49 S plus strand RNA were as de- 
scribed (Sawicki ef ai, 1981a). 

RESULTS 

Cloning of the ts24R1 genome and mapping of the 
mutation 

The double-stranded cDNA copy of the genome of 
ts24R1 was obtained in three pieces as described un- 
der Materials and Methods. Figure 1 presents the over- 
all scheme that was used to prepare three separate 
hybrid clones containing either the 5' region, the middle 
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Fig. 1. Construction of hybrid genomes containing different regions of the ts24Rl genome. A schematic of the 1 1 .7-kb genome of SIN cDNA 
clone Totol 101 (Rice et a!., 1 987) is shown together with the location of certain restriction sites, the SP6 promoter sequence and the 3' poly(A) 
sequence. Translated regions are indicated by open boxes for the nonstructural proteins (nsp1-4) and the structural proteins (capsid and the 
three envelope proteins). The thick dark lines indicate the DNA fragments in Totol 101 that were replaced by ts24Rl cDNA fragments. The thin 
line indicates the Toto 1101 sequence. The names used to refer to the hybrid clones are listed to the right of the figure. 



region, or the 3' region of the ts24Rl genome in place 
of the corresponding region in Totol 101. RNA tran- 
scripts of each hybrid clone were prepared using SP6 
RNA polymerase and were used to transfect CEF 
monolayers. Like Totol 101 transcripts, these tran- 
scripts contain a single extra G residue at the 5' termi- 
nus. The hybrid virus stocks were prepared from cul- 
tures maintained at 30° and were assayed for their abil- 
ity to grow at both permissive (30°) and nonpermissive 
(40°) temperature. None of the hybrid viruses were 
temperature sensitive for growth by plaque assay (data 
not shown), and they synthesized viral RNA to the 
same extent and at similar rates as SIN HR and ts24R1 
(Fig. 2). Thus, dramatic incompatibilities did not result 
from the presence within the same genomic RNA of 
both the ts24R1 (SIN HR origin) derived sequences and 
the Totol 101 sequences (Rice ef a/., 1987) derived 
from the small plaque (sp) strain of SIN HR{nt 1-2713 
and nt 9804-1 1 ,703) and the SIN lab strain of S. Schle- 
singer (nt 2714-9803). 



The hybrid viruses were screened for their ability to 
continue the synthesis of minus strand RNA under con- 
ditions, i.e., late in infection and in the presence of 
cycloheximide, which do not allow for minus strand 
synthesis by parental SIN HR. Only the hybrid viruses 
containing the middle region, encompassing nt 2288 
to nt 7999 that codes for part of nsP2, all of nsP3 and 
nsP4, and part of the capsid protein, reproduced the 
ts24R! phenotype (Table 1). This 5. 7-kb region [BglW 
(nt 2288) to AatW (nt 7999)] was cleaved with Spe\ and f 
the two resulting fragments exchanged with the corre- 
sponding fragments in Totol 101. Only the Spel (nt 
5262) to AatW (nt 7999) fragment retained the ts24R1 
phenotype. This region was subdivided further with 
Hin6\\\ to generate the Spel to Hin6\\\ fragment (nt 5262 
to nt 6267) and the H/ndlll to AatW fragment (nt 6267 to 
nt 7999) or with Hin6\\\ and BamH\ to produce the nt 
6267 to nt 7334 fragment. The ts24Rl phenotype was 
produced by the sequences bordered by nt 6267 to 
7334 which were present in both the H/ndlll to SamHI 
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Fig. 2. Kinetics of RNA synthesis by hybrid viruses. CEF cultures 
were infected with an m.o.i. of 100 and maintained at 30° as de- 
scribed under Materials and Methods. At various times after infec- 
tion the cultures were pulsed with [ 3 H]uridine for 60-min periods. The 
acid-insoluble incorporation present at the end of each pulse period 
is plotted at that time, (a) SIN HR Pfefferkorn; (o) ts24R1; (A, a, D, 
O) viruses from four independent cDNA clones of Totol 101 :R1 B; (X) 
mock infected. 

and the Hin6\\\ to AatW fragments and was not pro- 
duced by those within the Spe\ to Hind\\\ fragment (Ta- 
ble 1). This interval of DNA of approximately 1 kb was 
sequenced using primers that were specific for this re- 
gion of the genome. Only one base change, at nt 6339 
relative to the Totol 101 and HR sp sequence, was 
identified in this region (data not shown but see Fig. 
4). This base change was present also in the original 
mutant viruses as determined by sequencing the geno- 
mic RNA which was purified from virions of ts24, 
ts24R1, and ts24R2; it was not present in genomic 
RNA purified from SIN HR virions. At nt 6339, a C resi- 
due in the parental SIN HR sequence [both in Totol 1 0 1 
DNA and in the genomic RNA purified from SIN HR 
(Ohio) virions] was changed to an A residue. The 
change predicted a glutamine (CAG) to lysine (AAG) 
substitution at amino acid 1 95 in the nsP4 protein, re- 
placing an uncharged polar residue with a basic amino 
acid at this position. 



Effect of 5' and 3' changes on minus strand 
synthesis by hybrid viruses 

Initially, we had sequenced the ends of the ts24Rl 
RNA to determine if ts24, ts24R1 , and ts24R2 con- 
tained a unique alteration in the 3' promoter sequence 
(Ou et at., 1 982; Levis et al. f 1 986) or in the proposed 
pan-handle structure that would involve sequences at 
both the 5' and 3' ends of the 49 S RNA (Strauss and 
Strauss, 1983) that would be responsible for the 
ts24R1 phenotype. Any nucleotide changes contribut- 
ing to the mutant phenotype would be expected to be 
present in all three mutants showing this phenotype. 
The changes which were found in both the 5' and 3' 
noncoding regions of the ts24Rl RNA are shown in Fig. 
3. Compared to the Totol 101 (SIN HR sp) sequence, 
two base changes within the first 1 5 nucleotides at the 
5' end of ts24R1 RNA were found at nt 5 and 1 4. Two 
other strains of SIN HR (Ou and Ohio} had the same 
base at nt 5 (G) as ts24Rl . Although the change at nt 
14 was unique to ts24R1, it also was not present in 
ts24orts24R2. As shown in Fig. 3, sequence variability 
was found also at nt 9 (C or T) and nt 35 (A or G) but 
these changes could not account for the ts24R1 phe- 
notype. These were the only changes found within the 
first 248 nucleotides of the 5' end, which include the 
60 nucleotides of the 5' nontranslated region (Strauss 
et al., 1984). At the 3' end of the genomes of ts24, 
ts24R1 , and ts24R2, a C in the SIN HR sequence was 
changed to a T at position 1 1 ,643, 60 nucleotides up- 
stream of the start of the poly(A) sequence. Although 
this change was about forty nucleotides upstream of 
the proposed 3' promoter sequence, it was unique to 
the three viruses possessing the ts24R1 phenotype 
and was not present in six other SIN genomes (Fig. 3). 
The results reported above indicated that the mutation 
responsible for the ts24R1 phenotype mapped to nsP4 
and not to the 3' region. However, to determine if the 
unique base change at the 3' end of the RNA enhanced 
the expression of the ts24R1 phenotype, i.e., in- 
creased the magnitude of minus strand synthesis 
found with Toto 1 1 01 :R1 B and Toto 1 1 0 1 : R 1 B4 hybrid 
viruses (Table 1) to the level found with the original 
ts24R1 virus, several other hybrid viruses were con- 
structed and their level of minus strand synthesis com- 
pared to that of ts24R1. One construct (Totol 101: 
R1 B4/3') contained the ts24R1 sequences nt 6226 to 
nt 7334 and nt 1 1,214 (a PvuW site) to nt 11,718 [the 
unique Xho\ site just downstream of the poly(A) se- 
quence] which combined the base change in nsP4 
with the base change at nt 1 1 ,643. Two further con- 
structs containing the 5' region and the middle region 
of ts24Rl but containing either the 3' region of the ge- 
nome (from nt 8000 to 1 1 ,743) as the SIN HR sequence 
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TABLE 1 



Analysis of Minus Strand Synthesis Phenotype 



Virus a 


Fragment replaced 
(nl) 


Average minus strand RNA 

/pnm/1 RF pnm frannpll 


Phenotype of minus 
strand shutoff 


Mutant location 


SIN HR 
Totol 101 
ts24Rl 




120 (70-200) 
158(60-450) 
2264(2060-3066) 


wt 
wt 
ts 




Toto1101:R1A 
Totol 101 :R1 B 
Totol 1 01 :R1C 


1-2.713 
t.^tjo-/ ,yyy 
7,999-11,718 


130 

1 100 M O'XVi 00 \ 'W 

339 


wt 

tc 
lo 

Wt 




Totol 101 :R1B1 

TVitnl 1 m - R1 R? 
1 UlU 1 IUI.nl DC 

Totol 101:R1B3 
Totol 101:R1B5 
Totol 1 01 :R1B4 
Totol 1 01 :R1B4Z3' 


2,288-5,262 

5,262-7,999 
6,267-7,999 
6,267-7,334 

6,267-7,334; 1 1 ,214-1 1 ,718 


390 
350 

1409(1220-1793) 
1 597 (882-2340) 
1236(912-1951} 
1 159(1081-1309) 


Wt 
Wt 

ts 
ts 
ts 
ts 


6267-7334 


Totol 101 :R1AB 
Totol 101:RlAB/3' 
ToR1 


1-7,999 

1-7,999; 11,214-11,718 
1-1 1,718 


2109(1699-2519) 
,1630(1360-1900) 
2120(1920-2392) 


ts 
ts 
ts 





*The name to the right of the colon indicates the source of the fragment replaced into the infectious clone, which is indicated to the left of 
the colon. Totol 101 is the infectious clone of SIN HR; ToRl is the infectious clone of ts24R1, a revertant of ts24. Synthesis of minus strands 
was determined as described under Materials and Methods for cultures shifted to 40° at 6 hr p.i. and incubated in medium containing 100 ngf 
ml of cycloheximide for 30 min before addition of medium containing [ 3 H]uridine (200 ^Ci/ml) and cycloheximide for a further 90 min incubation 
period. The values given are the average cpm in minus strands per 10 4 cpm of total RF RNA. Each experiment included a negative (SIN HR or 
Totol 101) and a positive (ts24Rl) culture. Averages represent from 3 to 1 2 individual experiments. Values without a range were the results of 
individual experiments. 



(Totol 1 01 :R1AB) or the 3' region (nt 1 1 ,214-1 1,718} 
as the ts24R 1 sequence (Toto 1 1 0 1 : R 1 AB/3') also were 
obtained to determine the effect of the 5' sequence on 



5' plus strand sequence: 

10 20 30 40 

7MeG ATTGG CGGCG TAGTA CACAC TATTG AATCA AACAA CCGAC HR Ou 

. . . .A . . ,C. . . .T G HR Sp 

. . . .G . . ,T . . . .T G ts24 

. . . .G . . .C. . . .C G ts24Rl 

. . . .G . . -T. . . .T G ts24R2 

. ...G ...T. ...T G HRohio 

3' plus strand sequence: 

11,640 11,679 

GCAGC GTCTG CATAA CTTTT ATTAT TTCTT TTATT AATCA HR sp 

. . . ,T ts24 

, . . .T ts24Rl 

, . . ,T ts24R2 

11, 680 

ACAAA ATTTT GTTTT TAACA TTTC-poly (A) HR sp 

ts24 

ts24Rl 

ts24R2 

Fig. 3. Sequence of the 5' and 3' termini of the genome RNA of SIN 
viruses. The nucleotide sequence was obtained as described under 
Materialsand Methods. Totol 101 is identical to SIN HR small plaque 
(sp) from nt 1 to 271 3 and nt 9804 to 1 1 ,703. The SIN HR sp 3' termi- 
nal sequence was identical to that of the genome RNA isolated from 
SIN HR, Ou (Ou Btai, 1 982), Pfefferkorn, and Ohio (Sawicki and Sa- 
wicki, 1986b) strains, from defective interfering particles derived 
from SIN HR Ohio, and from mutant ts1 1 and a revertant of ts1 1 (data 
not shown). The SIN HR Ou 5' terminal sequence was from Strauss 
eta!. (1984). 



the nsP4 mutation in the presence or absence of the 3' 
base change. 

Virus produced from Totol 101 :R1B4/3' gave com- 
parable levels of minus strand synthesis as that pro- 
duced from Totol 101 :R1B4, which lacked the ts24R1 
3' sequence (T able 1 ). Virus produced from Toto 1101: 
R1AB/3', which contained the entire nonstructural re- 
gion and the 3' end of ts24R1, gave slightly reduced 
synthesis compared to that produced from Totol 101: 
R1AB, which contained the 3' end of Totol 101 and 
gave a level of minus strand synthesis similar to that of 
the original ts24R1 . Thus, the 3' ts24R1 sequence did 
not contribute to the expression of the ts24R1 pheno- 
type. Since small variability in the level of minus strand 
synthesis was found even though all 5' and nonstructu- 
ral coding sequences were present in both the Toto- 
1 101 :R1AB and Totol 101 :R1 AB/3' viruses, the slightly 
reduced level of minus strand synthesis by other hybrid 
viruses was not significant, but rather caused by exper- 
imental variability. When we analyzed in the same ex- 
periment samples from six cultures infected with a sin- 
gle hybrid virus, Totol 1 01 :R1 B5, the six values for the 
level of minus strand synthesis at 40° late in infection 
(labeled 6.5-8 hr p.i.) and in the presence of cyclohexi- 
mide were 1230, 1450, 1490, 1670, 2120, and 2340 
cpm of minus strands/10 4 RF RNA cpm compared to 



SINDBIS ts24 MINUS STRAND DEFECT IN nsP4 



49 



TABLE 2 

Minus Strand RNA Synthesis BYts24R1 Revertants 



Virus* 


Fragment replaced 
(nt) 


Minus 

ctrariH DMA 

(cpm/10 4 
RFcpm) 


Phenotype 


TOIO1101 




220 


wt 


ToRI 


1-11,708 


1990 


ts 


Toto1l01:RlB4 


6,267-7,334 


1390 


ts 


Toto1101:RlAB4 


1-2.713:6.267-7,334 


1840 


ts 


ToR1:Toto1 101 B4 


6,267-7,334 


260 


wt 


ToR1:Toto1101AB4 


1-2,713:6,267-7,334 


430 


wt 



a The name to the right of the colon indicates the source of the 
fragment replaced into the infectious clone, which is indicated to the 
left of the cofon. Totol 101 is the infectious clone of SIN HR; ToRI 
is the infectious clone of ts24Rl. Synthesis of minus strands was 
determined as described under Materials and Methods and Table 1 . 
The values given are the cpm in minus strands per 10" cpm of total 
RF RNA obtained from a single experiment. 



values of 2465 cpm for the infectious clone of ts24R1 
and 60 cpm for Totol 101. In the same experiment, 
4720 cpm of minus strand RNA were detected per 1 0 4 
cpm of RF RNA that was isolated from cells infected 
with SIN HR and labeled in the absence of cyclohexi- 
mide from 1 to 4 hr p.i. which is the period encompass- 
ing minus strand synthesis (Sawicki ef a/., 1 981b). We 
conclude differences of twofold or less in minus strand 
synthesis between hybrid viruses containing the mu- 
tant nsP4 and the original ts24R1 were within experi- 
mental variation and not significant. Viruses containing 
the nsP4 mutation without (Toto 1 101 :R1 B, B3, B4; Ta- 
ble 1)orwiththets24R1 5'end (Totol 101 :R1 AB, AB3\ 
Table 1 ; Toto 1 1 0 1 : R 1 AB4, Table 2) gave values similar 
to each other or also within a twofold range. Thus, no 
evidence was found to indicate a role for any sequence 
other than the nsP4 mutation in this phenotype. 

Analysis of ts24R1 revertants 

To verify that the base change at nt 6339 in nsP4 
was indeed necessary and sufficient for the ts24R1 
phenotype, we constructed a revertant of ts24Rl 
which contained the parental SIN HR base at position 
6339. This was accomplished by replacing the Hin6\\\ 
to BamH\ fragment of the infectious ts24Rl cDNA 
(ToRl)with the Totol 101 fragment. Sequence analysis 
had demonstrated that the base change at nt 6339 
was the sole difference between these two fragments. 
Alteration of this single nucleotide in the ts24Rl se- 
quence resulted in the elimination of the mutant pheno- 
type for minus strand synthesis (Table 2). A level of mi- 
nus strand synthesis equivalent to that of Totol 101 



was found for the engineered revertant virus produced 
from ToRl:Toto1 101 B4. Furthermore, when both the 
5' region from nt 1 to 27 1 3 and the nsP4 mutation were 
replaced with the Totol 101 sequence in the hybrid vi- 
rus ToRl:Toto1 101 AB4, minus strand synthesis was 
reduced to wild-type levels, further supporting the con- 
clusion that the 5' region of the ts24R1 genome was 
not necessary for the mutant phenotype. Therefore, we 
conclude that the base change at nt 6339 in the nsP4 
coding region was responsible for the mutant minus 
strand ts24R1 phenotype of ts24 and its revertants. 

DISCUSSION 

The unusual phenotype of the SIN mutant ts24 and 
its revertants {Sawicki et ai., 1981a; Sawicki and Sa- 
wicki, 1986a) of failing to terminate minus strand syn- 
thesis late in infection and of continuing or resuming 
synthesis of minus strands in the presence of protein 
synthesis inhibitors at 40° was mapped to a region of 
the viral genome that encodes nsP4. A single base 
change at nt 6339 leading to the substitution of lysine 
for glutamine at amino acid residue 195 of nsP4 was 
found to be responsible for this phenotype. The nsP4 
protein is the alphaviral nonstructural protein impli- 
cated in replicase activity by the presence of a se- 
quence, Gly-Asp-Asp, beginning at nt 7158 that is 
closely related to the sequence Tyr-X-Asp-Asp con- 
served among RNA-dependent viral replicases (Kamer 
and Argos, 1 984; Haseioff ef ai, 1 984) and by genetic 



GlyAspAsp 

1 464-466 610 



nsP4 • | 


5769 






7S99 


33 


153 195 


324 




Gin 

1 


Gly Gin 
I I 


Gly 




A 

6046 


G C 

6226 6339 

G!n>Lys 

1 


G 

6739 





A 



ts6 Gly>Glu 

I 

A 

ts110 Gty>Glu 

A 

ts118 Gln>Arg 
G 

r 

Fig. 4. The location of mutations in nsP4. A schematic of the nsP4 
coding region is shown, including its nucleotide (numbered from the 
5' end of the genome) and amino acid (numbered from amino acid 
residue 1 of nsP4) positions (from Strauss et ai., 1984) and the loca- 
tion of the conserved Gfy-Asp-Asp sequence (Kamer and Argos, 
1984). The location of mutations in ts6, ts1 10, and ts1 18 are from 
Hahn et ai (1989a). The region sequenced for ts24, ts24R1, and 
ts24R2 is given in the text. 
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mapping of temperature sensitive mutants of SIN 
{Hahn et at., 1 989a). Figure 4 shows the position of the 
ts24Rl mutation relative to several other mutations 
that map to the nsP4 coding region of the genomes of 
SIN ts6, ts1 10, and ts1 18, all three of which are mem- 
bers of the F complementation group of SIN HR tem- 
perature sensitive mutants. Single base changes 
which were located at nt 6226 and 6739 were respon- 
sible for the temperature sensitivity of both ts6 and 
ts110, respectively. The phenotype of mutant ts118 
had two mutations: one in nsP4 that by itself caused no 
apparent phenotype and another in nsP2 that by itself 
affected only plaque size. The mutation in ts1 18 was 
at nt 6046, a part of the codon specifying amino acid 
residue 93 of the nsP4 protein and closer to the N-ter- 
minus than either the ts6 or ts1 1 0 mutations, and was 
present in a less conserved region of the nsP4 se- 
quence (Strauss era/., 1988). Figure 5 presents the 
amino acid sequence of the region of the nsP4 protein 
that encompasses the ts6 and ts24Rl mutations. Both 
of these changes are in highly conserved regions of 
nsP4 (Strauss eta!., 1988). The ts6, ts24Rl , and ts1 10 
mutations are well separated on the linear sequence 
from the conserved Gly-Asp-Asp sequence. The 
ts24Rl mutation is separated from the ts6 mutation by 
42 amino acids and is 1 29 amino acids distant from the 
tst 10 mutation on the linear sequence. The change in 
ts24Rl, however, introduces a positively charged 
amino acid into a linear stretch of 19 uncharged polar 
or nonpolar amino acids in the parental sequence of 
nsP4. Therefore, it is particularly interesting that these 
two sets of mutations, ts6 and ts1 10, and ts24R1 give 
opposite phenotypic results. In the case of the base 
change at nt 6339 (amino acid residue 1 95 in nsP4) in 
ts24R1, minus strand and plus strand syntheses con- 
tinued at high temperature in the absence of the syn- 
thesis of viral proteins and thus presumably without the 
formation of new replication complexes (Sawicki and 
Sawicki, 1 986a). In the case of the base change at nt 
6226 (amino acid residue 1 53 in nsP4) in ts6, both mi- 
nus strand and plus strand syntheses by previously 
formed replication complexes were inhibited rapidly at 
elevated temperatures (Barton eta/., 1 988). 



Of the F group mutants, the phenotype of ts6 has 
been the most extensively studied (Keranen and Kaari- 
ainen, 1979; Sawicki etai. f 1981b; Bartonefa/., 1988). 
Synthesis of single-stranded, full-length 49 S plus 
strand RNA and subgenomic 26 S mRNA and of minus 
strand RNA were temperature sensitive, and incorpora- 
tion of radiolabeled precursors into the replicative inter- 
mediates was inhibited simultaneously with their incor- 
poration into single stranded products. The inhibition 
of overall RNA synthesis was reversible in vivo (Kera- 
nen and Kaariainen, 1979) and in vitro (Barton et al, 
1988). Barton etal. (1988) demonstrated that ts6 had 
a temperature sensitive defect in the elongation of pre- 
viously initiated RNA chains. Once formed, the replica- £ 
tion complexes of ts6 are stable, although nonfunc- f 
tional, at nonpermissive temperature (Keranen and 
Kaariainen, 1979; Barton et at., 1988). Because ts6, 
ts1 10, and ts1 18 are complemented by mutants be- 
longing to other complementation groups, mutations f 
in nsP4 act at the protein level and involve fra/is-active : % 
functions. The failure to detect Rib structures, which \ 
yield the subgenomic RFII and RFIII cores after ribo- I 
nuclease cleavage of the minus strand templates en- 1" 
gaged in 26 S synthesis, after shift of ts6-infected cells f 
to 40°, might be because of yet an additional function 
of nsP4 that affects 26 S synthesis. Alternatively, it 
might result from the temperature sensitivity of elonga- 
tion which causes an upstream polymerase molecule 
transcribing 49 S plus strands to read through and pro- I 
tect with nascent 49 S plus strands the region of the f 
minus strand that is cleaved by RNase A to generate f 
RFII and RFIII (Sawicki etal., 1978; Bartonefa/., 1988). f 
From our previous studies (Sawicki and Sawicki • I 
1986a, 1987) of ts24, ts24Rl and ts24R2 we con- f 
eluded that minus strand synthesis which occurs at 
40° in the presence of cycloheximide was different 
from that which occurs normally early in infection. Early 
in infection minus strand synthesis requires concurrent | 
protein synthesis and drives the formation of active rep- % 
lication complexes which in turn increase the rate of : i 
plus strand synthesis (Sawicki and Sawicki, 1980). In -t 
contrast, the minus strand synthesis that results from A 
the -base change in nt 6339 of nsP4 found in ts24, !. 
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ts24R1 and ts24R2 does not cause an increase in the 
rate of plus strand RNA synthesis and in the formation 
of new replication complexes (Sawicki and Sawicki, 
1986a, 1 987). We argued that minus strand synthesis 
at 40° in the absence of protein synthesis in cells in- 
fected with ts24R1 was caused by the replacement of 
the preferred template of the replication complex, i.e., 
the minus strand, with a plus strand that in turn is cop- 
ied into a new minus strand (Sawicki and Sawicki, 
1986a, 1987). Our original hypothesis (Sawicki et ai, 
1981a) which stated that ts24 produced a defective, 
trans-active repressor/inhibitorof the viral minus strand 
polymerase activity has not been supported by data ob- 
tained from co-infection experiments. Co-infection of 
cells with the parental SIN and ts24, which resulted in 
the synthesis of nonstructural proteins from both viral 
genomes, did not eliminate minus strand synthesis at 
40° in the presence of cycloheximide (Sawicki and 
Sawicki, 1983). We favor the interpretation that the 
ts24R1 phenotype results from template switching by 
old replication complexes rather than from the forma- 
tion of new replication complexes. y 

Since the nucleotide change responsible for the 
ts24Rl phenotype is located in nsP4, the affinity of the 
nsP4-containing polymerase either directly for pro- 
moter sequences which determine template recogni- 
tion by the replication complex, or indirectly for another 
polypeptide initiation factor, may have been altered. In 
addition to minus strands, plus strands would be rec- 
ognized as templates by the stable replication complex 
if either newly synthesized, but not yet released 49 S 
plus strands, or previously released 49 S plus strands 
replaced minus strands which are normally the pre- 
ferred templates. Theoretically, therefore, there is evi- 
dence for at least two distinct functional regions within 
the nsP4 protein. The mutation in ts6, and perhaps also 
in ts1 1 0, affects polymerization activities and the muta- 
tion in ts24R1 (nt 6339) affects template recognition/ 
binding. It is worth noting that the replicase of the RNA 
phage Q0 which is related to nsP4 also appears to have 
more than one functional region. Substitution of the 
glycine residue in the conserved sequence (Tyr-Gly- 
Asp-Asp) in the Q0 replicase led to the loss of enzyme 
activity in vivo but appeared not to affect template rec- 
ognition activity because the mutant replicase inhibited 
RNA synthesis by the wild-type replicase (Inokuchi and 
Hirashima, 1 987). Thus, mutation in this conserved do- 
main in the phage protein apparently destroyed tem- 
plate polymerizing activity but not promoter binding. In 
the case of the alphavirus replicase, the functional form 
of nsP4 is unknown but it most likely associates with 
other viral proteins to form a multicomponent replica- 
tion complex. Therefore, amino acid changes in the 
nsP4 protein could affect interactions within the com- 



plex and thus functions determined by other viral pro- 
teins as well as functions that reside specifically in the 
nsP4 protein. Both the temperature sensitive lesions in 
ts24R1 and in ts6 can be demonstrated at nonpermis- 
sive temperature in replication complexes that were 
originally synthesized and assembled at permissive 
temperatures. Thus, these defects are clearly different 
from those that affect the synthesis, processing, or as- 
sembly of the nonstructural polyproteins into functional 
replication complexes. In alphaviruses the synthesis of 
minus strands appears to be coupled to the formation 
of stable replication complexes and to be terminated 
normally when the synthetic capacity is best put to the 
production of plus strands. This appears to be deter- 
mined by a domain of the nsP4 protein which is mu- 
tated in ts24, ts24R1 , and ts24R2 that functions to en- 
sure the minus strand is the preferred template of the 
stable replication complex. Whether this region of nsP4 
also plays a role in recognizing a promoter site on the 
plus strand in order to create a replication complex that 
would synthesize a minus strand remains to be deter- 
mined. 
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